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Local Calcium Release in Dendritic Spines
Required for Long-Term Synaptic Depression
widely (Berridge, 1997; Wang and Augustine, 1999). At
one extreme, the nanometer distances between Ca21
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LTD in cerebellar Purkinje cells is produced by simulta-
neous activity of climbing fiber (CF) and parallel fiber
(PF) synapses, and many lines of evidence point towardSummary
a central role for postsynaptic Ca21 in this process (Ito,
1989; Linden and Connor, 1995; Daniel et al., 1998). CFs
We have used rats and mice with mutations in myosin-
produce Ca21 signals throughout the Purkinje cell, due
Va to evaluate the range and function of IP3-mediated to influx through voltage-gated Ca21 channels (Ross and
Ca21 signaling in dendritic spines. In these mutants, Werman, 1987; Sakurai, 1990; Konnerth et al., 1992;
the endoplasmic reticulum and its attendant IP3 recep- Miyakawa et al., 1992). PFs produce a more localized
tors do not enter the postsynaptic spines of parallel Ca21 signal that results from Ca21 influx (Eilers et al.,
fiber synapses on cerebellar Purkinje cells. Long-term 1995; Hartell, 1996) and Ca21 release from intracellular
synaptic depression (LTD) is absent at the parallel fiber stores via inositol-1,4,5-trisphosphate (IP3) receptors
synapses of the mutants, even though the structure (Finch and Augustine, 1998; Takechi et al., 1998). This
and function of these synapses otherwise appear nor- IP3-mediated Ca21 release, which appears essential for
mal. This loss of LTD is associated with selective LTD (Kasono and Hirano, 1995; Khodakhah and Arm-
changes in IP3-mediated Ca21 signaling in spines and strong, 1997; Finch and Augustine, 1998; Inoue et al.,
can be rescued by photolysis of a caged Ca21 com- 1998; Daniel et al., 1999), is quite variable in its range.
pound. Our results reveal that IP3 must release Ca21 Depending upon the amount of activation, PF synapses
locally in the dendritic spines to produce LTD and can produce no IP3-mediated Ca21 release (Eilers et al.,
indicate that one function of dendritic spines is to 1995), cause Ca21 release only in dendritic spines, where
target IP3-mediated Ca21 release to the proper subcel- PF synapses are found, or evoke Ca21 release that
lular domain. spreads more than 10 mm throughout nearby dendritic
shafts (Finch and Augustine, 1998; Takechi et al., 1998).
IP3 could act over even greater distances when LTD isIntroduction
induced; LTD spreads z50 mm beyond active PF syn-
apses (Wang et al., 2000) and Ca21 entry associatedCalcium ions (Ca21) serve as an intracellular second
with CF activity is expected to potentiate the action ofmessenger in many neuronal signaling processes (Ber-
IP3 produced by PF activity (Bezprovanny et al., 1991;ridge, 1998). One of the unique features of these Ca21
Finch et al., 1991; Berridge, 1993).signals is that their spatial range of action can vary
To address the subcellular location of the IP3-sensi-
tive Ca21 stores involved in LTD, we have used mutant
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have spontaneous mutations in their genes for the heavy
chain of myosin-Va. Myosin-Va is a motor protein that
is involved in local, actin-based organelle transport
(Cheney et al., 1993; Bridgman, 1999). In Purkinje cells,
myosin-Va appears to be involved in transport of smooth
endoplasmic reticulum (SER) into the spines associated
with PF synapses, because these mutant animals have
no SER or associated IP3 receptors in their PF synaptic
spines, whereas these receptors are present elsewhere
throughout the Purkinje cells (Dekker-Ohno et al., 1996;
Takagishi et al., 1996). Mutant animals exhibit ataxia
beginning at postnatal day 11 and then become opistho-
tonic beginning at postnatal day 15 (Mercer et al., 1991;
Dekker-Ohno et al., 1993). These symptoms become
more severe with age, and the mutant animals die z3
weeks after birth. These neurological phenotypes re-
semble those of mice in which the type I IP3 receptor
is genetically deleted from all cells (Matsumoto et al.,
1996). The selective absence of SER in dendritic spines
makes these two myosin-Va mutants ideal for elucidat-
ing the physiological role of IP3-sensitive Ca21 stores
in spines. We find that LTD is abolished in these mutant
animals, indicating that IP3-sensitive Ca21 stores in the
dendritic spines are required for LTD. Because IP3 re-
ceptors are still present in the dendritic shafts of the
mutant animals, less than 1 mm away from the PF spines,
our results reveal a very high degree of spatial compart-
mentalization of IP3-dependent postsynaptic Ca21 sig-
naling during the induction of LTD. Thus, even though
Figure 1. SER and IP3 Receptors Are Absent from Dendritic SpinesIP3 can spread some distance, it must release Ca21
but Present in the Dendritic Shaft of dop Rat and dl Mouse Purkinje
within spines to cause LTD. Cells
(A and B) Dendritic spines (s) of control rats ([A], left) and mice ([B],
Results left) contain SER, which extends into the spine from the dendritic
shaft. In contrast, spines (s) of mutant rats ([A], right) and mice ([B],
right) have no SER.Loss of Spine IP3 Receptors and LTD in Mutant
(C) Localization of IP3 receptors in the cerebellum of control (left)Rats and Mice
and mutant (right) rats. IP3 receptors are highly concentrated inWe began by confirming that IP3-sensitive Ca21 stores Purkinje cell somata (PC, arrowheads) and the molecular layers (ML)
were defective in Purkinje cells from the mutant rats and of both controls and mutants.
mice. In both of these mutants, there was a complete (D) Localization of the cytoplasmic Ca21 binding protein calbindin
(left) and IP3 receptor (IP3R, center). Superimposition of these im-absence of SER in PF synapse spines (Figures 1A and
ages (right) shows that IP3 receptors are colocalized with calbindin1B). Likewise, type I IP3 receptors were lost from the
in Purkinje cell dendrites (yellow) but are absent from spines (red,dendritic spines of rats (Figures 1C and 1D) and mice
arrowheads). Inset: high magnification of a portion of the image(data not shown). This defect in IP3 receptor targeting shown above.
was specific to the dendritic spines, because IP3 recep-
tors were still present in the soma and dendritic shafts
of these cells (Figures 1C and 1D). mice (37.4% 6 4.3% depression; n 5 5) but was absent
(7.5% 6 11.2% depression; n 5 4) in dl mutant miceWe next asked whether the mislocalization of IP3 re-
ceptors affects LTD at PF synapses of mutant animals. (Figure 2D). The fact that the mutant rats and mice ex-
hibit similar losses of LTD indicates that the lesion re-In normal rats, LTD was readily induced by simultaneous
activation (1 Hz for 5 min) of PF and CF synapses (Fig- sults from the absence of myosin-Va rather than an
indirect consequence of genetic backgrounds (Banburyures 2A and 2C, left), a protocol that is optimal for induc-
ing LTD (Miyata et al., 1999). At 30 min after the onset Conference, 1997), which are very different in the two
species.of this stimulation, the mean slope of excitatory postsyn-
aptic potentials (EPSPs) resulting from PF activity was
depressed by 28.8% 6 8.6% (mean 6 SEM; n 5 10) of Normal Synaptic Transmission in Mutant Animals
We performed several measurements to define the na-the control value measured prior to pairing. In contrast,
in dop mutant rats, the same conjunctive PF and CF ture of the LTD lesion occurring in the mutant animals.
The microscopic structure of Purkinje cells, such as theirstimulation paradigm did not induce LTD (Figures 2B
and 2C, right). The mean value of EPSP slope was not dendritic arbors and spines, appeared normal (Dekker-
Ohno et al., 1996; Takagishi et al., 1996). Electron mi-depressed (4.1% 6 7.0% increase; n 5 9) when mea-
sured 30 min after paired synaptic activity. The differ- croscopy was used to examine PF synapses in the
molecular layer of normal and dop mutant rats, whereence between these two values is significant (p , 0.005).
LTD also was observed with identical stimuli in normal numerous profiles of synapses between Purkinje cell
Calcium Release in Dendritic Spines
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Figure 2. LTD Is Absent in dop Rats and dl
Mice
(A) Traces of PF-EPSPs measured in a control
rat Purkinje cell before (pre) and 25 min after
conjunctive PF and CF stimulation. Reduc-
tion in the latter EPSP is due to LTD.
(B) PF-EPSPs measured in a mutant rat Pur-
kinje cell, showing an absence of LTD.
(C) In Purkinje cells from control rats (left),
conjunctive PF and CF stimulation (horizontal
bar) resulted in LTD of the PF-EPSP initial
slopes. In Purkinje cells from dop mutant rats
(right), conjunctive PF and CF stimulation did
not induce LTD.
(D) Conjunctive stimulation induced LTD in
Purkinje cells from control mice (left) but not
dl mutant mice (right).
Data in (C) and (D) are pooled and normalized
to the mean initial PF-EPSP slope during the
control period prior to conditioning.
spines and PF terminals were observed (Figure 3). The whose amplitudes were graded with stimulus intensity.
There was no significant difference between control andnumber of PF synapses per 100 mm2 of molecular layer
was 10.9 6 2.5 (n 5 12) for dop mutants and 13.7 6 2.1 mutant rats in the time course of PF-mediated EPSCs
(Figure 4A, top). PF-EPSCs had a rise time (10%–90%)(n 5 10) for normal rats, showing no significant differ-
ence (p . 0.05, Mann-Whitney U test). Further, the ultra- of 1.33 6 0.40 ms for control rats (n 5 16) and 1.45 6
0.34 ms for dop rats (n 5 14); the decay time constantsstructure of the PF synapses was not perceptibly differ-
ent from the control rats. The molecular layer of dl for these EPSCs also were very similar (14.1 6 5.3 ms
for control and 15.3 6 5.1 ms for dop). In both types ofmutant mice also appeared very similar to that of control
mice (data not shown). Purkinje cells, PF-EPSCs were little affected by an
NMDA receptor blocker, DL-2-amino-5-phosphonopen-We next asked whether the mutations prevented LTD
by altering PF or CF synaptic transmission. For this tanoate (AP5, 100 mM; Figure 4A), but were almost totally
suppressed by an AMPA receptor antagonist, 6-cyano-purpose, we used whole-cell patch clamp methods (Ed-
wards et al., 1989; Llano et al., 1991) to measure excit- 7-nitroquinoxaline-2,3-dione (CNQX, 10 mM; Figure 4A).
Moreover, PF-EPSCs facilitated in response to a secondatory postsynaptic currents (EPSCs) resulting from se-
lective stimulation of PFs or CFs (Figure 4). In both stimulus at interpulse intervals between 10 and 300 ms
in both controls (n 5 16) and dop mutants (n 5 16) (Fig-control and dop rats, PF stimulation evoked EPSCs
Figure 3. The Neuropil of the Molecular Layer
of the Cerebellum Appears Normal in Mutants
Many synaptic contacts between PF termi-
nals and Purkinje cell spines (arrowheads) are
present in both control (left) and mutant (right)
rats.
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Figure 4. Excitatory Transmission at PF-Pur-
kinje Cell and CF-Purkinje Cell Synapses Is
Normal in Mutant Animals
(A) PF-EPSCs in control (left) and mutant
(right) rat Purkinje cells. PF-EPSCs were not
affected by AP5 but were almost completely
blocked by CNQX.
(B) Paired-pulse facilitation of PF-EPSCs in
control (open circles) and mutant (closed cir-
cles) rat Purkinje cells. The second response
is expressed as a percentage of the response
to the first pulse and plotted as a function of
interpulse interval. Insets show an example
of PF-EPSCs to pairs of stimuli separated by
50 ms.
(C) CF-EPSCs in control (left) and mutant
(right) rat Purkinje cells. CF-EPSCs were not
affected by AP5 but were almost totally
blocked by CNQX.
(D) Paired-pulse depression of CF-EPSCs in
control (open circles) and mutant (closed cir-
cles) rat Purkinje cells. Data are expressed
as in (B). Asterisks indicate significant differ-
ences between controls and mutants (*p ,
0.05, **p , 0.01, t test).
Each trace is the average of three to five con-
secutive EPSCs.
ure 4B). This paired-pulse facilitation depends upon the opment (K. H. et al., unpublished) at the mutant CF
synapse. Similar results were obtained from control andamount of neurotransmitter released from presynaptic
terminals (Zucker, 1989), so the absence of a change in mutant mice, indicating that the mutations had little ef-
fect upon synaptic transmission at the CF synapse.facilitation suggests that transmitter release is normal
at the PF synapse of dop mutants. Very similar results
were obtained for PF-mediated EPSCs in control and dl Normal Synaptic Signal Transduction
in Mutant Animalsmice (data not shown). In sum, the mutations had no
detectable effect on the pre- or postsynaptic properties LTD requires CF-induced entry of Ca21 into Purkinje
cells (Sakurai, 1990; Crepel and Jaillard, 1991; Lindenof the PF synapse.
At the CF synapses of both control and dop rats, et al., 1991; Konnerth et al., 1992), so we next asked
whether the voltage-gated Ca21 channels that mediatestimulation induced large EPSCs with one or, occasion-
ally, multiple discrete steps (Figure 4C, top). This indi- this Ca21 influx are affected by the mutations. Ca21 chan-
nel currents were measured in control and mutant Pur-cates that the incidence of multiple innervation was un-
changed in the mutants compared to the controls (Kano kinje cells in slices from neonatal rats (5–6 days old); at
this age, Purkinje cells are almost devoid of dendriteset al., 1995a). There was no significant difference in
either the rise times or decay time constants (data not and offer better spatial control of membrane potential
(Kano et al., 1995b). Voltage-gated Ca21 currents of mu-shown) of CF-EPSCs measured at a holding potential
of 210 mV (Figure 4C, top). The mean amplitude of CF- tant Purkinje cells were similar in their amplitudes and
kinetics (Figure 5A) as well as their voltage dependenceEPSCs also did not differ between control (882 6 263
pA; n 5 29) and dop (807 6 376 pA; n 5 19) rats. In both (Figure 5B) when compared to those recorded from Pur-
kinje cells from control rats. Very similar results werecontrol and mutant rats, CF-EPSCs were not affected by
AP5 (100 mM) but were almost totally suppressed by obtained in Ca21 current recordings from mutant mice.
Likewise, the complex spikes and resultant increasesCNQX (10 mM) (Figure 4C). CF-EPSCs exhibited paired-
pulse depression at interpulse intervals between 50 and in dendritic Ca21 concentration arising from CF activity
were unaffected in the mutant mice (Figure 5C). These3000 ms (Figure 4D), due mainly to decreased transmit-
ter release in response to the second pulse (Hashimoto Ca21 signals could be described as the sum of two
exponentially decaying components whose amplitudesand Kano, 1998). The magnitude of paired-pulse depres-
sion tended to be greater in dop mutants (n 5 9) than and time constants were very similar in control and mu-
tant Purkinje cells (data not shown). These results indi-in normal littermates (n 5 9), especially at brief interpulse
intervals (Figure 4D). This suggests a slight change in cate that Ca21 signaling due to CF activity is normal in
mutant Purkinje cells.neurotransmitter release and/or a retardation of devel-
Calcium Release in Dendritic Spines
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Figure 6. Localization of mGluR1 and PKCg Is Normal in the Cere-
bellum of Mutant Animals
(A) Localization of mGluR1 in the cerebella of control and mutant
Figure 5. Voltage-Gated Ca21 Currents Are Normal in dop Rat and rats. In both controls and mutants, the molecular layer (ML) is
dl Mouse Purkinje Cells strongly labeled, and Purkinje cell somata (PC, arrowheads) are
(A) Whole-cell membrane currents elicited with 20 ms voltage steps weakly immunopositive. GL, granule cell layer.
from a holding potential of 260 mV to test potentials ranging from (B) Localization of mGluR1 in the cerebella of control and mutant
240 mV to 140 mV in control (top) and dop (bottom) rat Purkinje rats. In both controls and mutants, immunoperoxidase reaction
cells. product is found in PC spines (s), some of which can be seen to
(B) Current–voltage relations for peak Ca21 currents in control (open make synaptic contacts with PF terminals (arrowheads).
circles) and dop (closed circles) rat Purkinje cells. (C) Localization of PKCg in control (left) and mutant (right) rat cere-
(C) Dendritic Ca21 signals (top) and complex spikes (bottom) pro- bella. Immunolabeling is found throughout the soma and dendrites
duced by activation of CFs in Purkinje cells from control and dl of Purkinje cells of both control and mutant animals.
mice.
mutant rats (Figure 6C) and mice. No other cell type in
the cerebellum was immunopositive for PKCg. TheseAt the PF synapse, LTD requires activation of the type
1 metabotropic glutamate receptor (mGluR1) (Aiba et immunohistochemical results indicate that the subcellu-
lar distribution of the molecular components of theal., 1994; Conquet et al., 1994; Shigemoto et al., 1994).
We used immunocytochemical methods to evaluate the mGluR1 signal transduction pathway is normal in mutant
Purkinje cells.amount and spatial distribution of mGluR1 in Purkinje
cells. In both control and dop mutant rats, the molecular
layer of the cerebellum was strongly immunoreactive Impairment of IP3-Mediated Ca21 Signaling
Accounts for the LTD Lesionfor mGluR1 (Figure 6A), and electron microscopic exami-
nation demonstrated that mGluR1 was densely localized To evaluate the consequences of the mutation on post-
synaptic Ca21 signaling, we repetitively (80 Hz, 200 ms)to the dendritic spines associated with PF synapses
(Figure 6B) (Baude et al., 1993; Nusser et al., 1994). The stimulated PFs while measuring the resulting Ca21 sig-
nals in Purkinje cell dendritic spines and shafts (Eilerssame was true for mutant mice (data not shown). Thus,
there is no defect apparent in the synaptic targeting et al., 1995; Denk et al., 1995; Finch and Augustine,
1998; Takechi et al., 1998). In both control and mutantof mGluR1 in either mutant. Likewise, the g isoform of
protein kinase C (PKCg), one of the downstream targets mice, such PF activity caused transient rises in postsyn-
aptic Ca21 concentration (Figure 7A). However, theseof mGluR1 (Chen et al., 1995), was highly expressed in
the dendrites, somata, and axons of PCs in control and Ca21 signals were significantly smaller in mutants
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Figure 7. Postsynaptic Ca21 Signals Evoked
by PF Activity
(A) Images of Ca21 signals (pseudocolor) pro-
duced by a train of stimuli applied to PFs (200
ms, 80 Hz) in a control (top) and a mutant
(center) mouse. Images shown represent the
peaks of the Ca21 signals and are averages
of frames acquired 233–500 ms after the on-
set of PF stimulation. Bottom panel shows a
high-magnification image of the area shown
by the dashed box in the middle panel. This
image illustrates a spiny dendrite, and the
red circles indicate representative regions in
which shaft and spine Ca21 signals were mea-
sured.
(B) Ca21 signals produced by PF stimulation
(200 ms, 80 Hz, gray bars) in the dendritic
spines (top) and shafts (bottom) of a control
(left) and a mutant (right) rat. Rows 1 and
4 show the time course of the Ca21 signals
obtained in control solution, and rows 2 and
5 show the Ca21 signals obtained in the pres-
ence of 4-CPG. The difference between these
two conditions indicates the component of
the Ca21 signal due to Ca21 release mediated
by mGluRs (rows 3 and 6). Traces are aver-
ages of eight spine/dendrite pairs in the mu-
tant and nine spine/dendrite pairs in the con-
trol. Measurements are from different cells
than shown in (A).
(DF/F0 5 0.69 6 0.18; n 5 21) than in controls (DF/F0 5 While the Ca21 signals evoked in the spines of mutant
Purkinje cells by PF activity were smaller than normal,1.07 6 0.24; n 5 40). Normally, this postsynaptic Ca21
signal arises from two sources: Ca21 influx (Eilers et al., the 4-CPG-sensitive signals were not completely abol-
ished. It is likely that trains of PF activity produce suffi-1995) and IP3-mediated release of Ca21 from intracellu-
lar stores (Finch and Augustine, 1998; Takechi et al., cient IP3 in the spines to release Ca21 in the dendritic
shafts and this Ca21 then diffuses back into the spines.1998). In some experiments, these two components
were separated by treating the Purkinje cells with the To directly assess the ability of IP3-mediated Ca21 re-
lease within dendritic shafts to elevate spine Ca21 levels,mGluR blocker 4-CPG [(s)-4-carboxyphenylglycine; 500
mM; mutant n 5 5 and control n 5 3], which eliminated we examined the kinetics of Ca21 signals produced by
photolysis of caged IP3 in small dendritic regions con-the component of the Ca21 signals associated with IP3-
mediated Ca21 release (Figure 7B). The residual re- taining both spines and adjacent shafts (Finch and Au-
gustine, 1998). IP3 uncaging produced Ca21 signals insponses measured in the presence of 4-CPG were,
therefore, due to Ca21 influx (Figure 7B, rows 2 and Purkinje cell dendrites from both control and dop rats
(Figure 8A). As was the case for PF-evoked Ca21 signals,5). The Ca21 influx signals were similar in controls and
mutants, which is consistent with the normal CF-medi- the peak amplitudes of IP3-triggered Ca21 rises were
somewhat smaller in both the spines and shafts of mu-ated Ca21 signals and Ca21 currents measured in mutant
animals. Digitally subtracting the Ca21 signals measured tant cells than in controls (Figures 8B and 8D, top). In
control cells, production of IP3 rapidly elevated Ca21in the presence (Figure 7B, rows 2 and 5) and absence
(Figure 7B, rows 1 and 4) of 4-CPG yielded the IP3- concentration in both the dendritic shaft and adjacent
PF spines (Figure 8B, top). However, in mutant cells,mediated component that was sensitive to 4-CPG (Fig-
ure 7B, rows 3 and 6). In mutant Purkinje cells, the IP3- Ca21 signals rose more slowly in the dendritic spines
than in the shafts (Figure 8B, bottom). These differencesmediated components were smaller in both the dendritic
spines and adjacent shafts; on average, the integrated were quantified by measuring the difference in latency
and time to peak between IP3-evoked Ca21 signals inPF-induced Ca21 release signal in the spines of mutant
Purkinje cells was 48% of that measured in control cells. dendritic shafts and spines. For control cells, these rela-
tive latencies had a mean value of 2.0 6 0.1 ms (FigureThe PF-induced Ca21 release signal of dendritic shafts
of mutant Purkinje cells was reduced to a very similar 8C; n 5 63), indicating that Ca21 release began simulta-
neously in dendritic spines and shafts (no significantextent (51% of control). This indicates that a reduction
in IP3-mediated Ca21 release is responsible for the de- difference in spine–shaft latency; p . 0.1). The differ-
ence between spine and shaft latencies of dop cells,creased Ca21 signals in mutant spines during PF activity.
This decrease in IP3-mediated Ca21 release in the PF however, were skewed to positive values (Figure 8C) and
had a mean value of 16.7 6 0.5 ms (n 5 29; significantspines is consistent with the loss of SER and IP3 recep-
tors in the spines of mutants (Figure 1); the reduction difference in spine–shaft latency: p , 1025), indicating
that Ca21 signals began more slowly in spines thanin IP3-mediated Ca21 signals in the dendritic shafts per-
haps reflects the loss of a contribution of spine SER to shafts. In the dop mutants, the average latency of the
IP3-mediated Ca21 signals likewise was slower in spinesCa21 signals in dendritic shafts.
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Figure 8. Altered IP3-Mediated Ca21 Signaling in the Spines of Mutant Purkinje Cells
(A) Images of Ca21 signals (pseudocolor) produced by uncaging IP3 in spiny dendrites of Purkinje cells from a control (top) and mutant (bottom)
rat.
(B) Time course of IP3 induced Ca21 changes in a dendritic spine (red) and the adjoining shaft (black) of a Purkinje cell from a control and
mutant rat. Measurements are from different cells than shown in (A).
(C) Distribution of latencies between shaft and spine Ca21 responses following IP3 uncaging.
(D) Properties of IP3-evoked Ca21 responses measured in dendritic spines and adjacent shafts of Purkinje cells from control and mutant rats.
than in shafts (Figure 8D, center; n 5 29). The relative depression of PF synaptic transmission that was very
similar in magnitude and time course to that producedspine–shaft time to peak measurements were signifi-
cantly different between dop and control cells (p , in control mice (Figure 9B). The mean amount of depres-
sion, measured 30 min after Ca21 uncaging, was similar0.005), showing that the Ca21 signals also rose more
slowly in spines than shafts of dop cells (Figure 8D, for control (56% 6 1.9%) and mutant (53% 6 0.8%)
mice (difference not significant, p . 0.1). The mean timebottom). Similar results were obtained in dl mice (data
not shown). These results are consistent with the mislo- constant for the onset of LTD also was not statistically
different (p . 0.5), being 6.5 6 2.0 min for control animalscalization of IP3 receptors in mutant Purkinje cells; while
IP3 can release Ca21 directly within both spines and (n 5 6) and 5.0 6 1.4 min for the mutants (n 5 5). These
results lead us to conclude that uncaging Ca21 restoresshafts of control cells (Finch and Augustine, 1998; Ta-
kechi et al., 1998), in the mutant animals, released Ca21 LTD in mutant animals and, therefore, that the loss of
LTD in myosin-Va mutants is due to impaired IP3-medi-must diffuse from the dendritic shafts into the spines
and, therefore, yields a slower response (Svoboda et ated Ca21 signaling rather than some other conse-
quence of the loss of myosin-Va.al., 1996).
Our results show that the mutations in myosin-Va pre-
vent LTD and also alter IP3-based Ca21 signaling in Discussion
Purkinje cell dendritic spines. This correlation suggests
that the defects in LTD arise specifically from the alter- We have found that LTD is defective in Purkinje cells
from rats and mice with myosin-Va mutations. Measure-ations in spine Ca21 signaling. However, because loss
of myosin-Va could have other effects on Purkinje cells, ments of synaptic transmission and intracellular signal
transduction pathways indicated that while these proc-it is still formally possible that the loss of LTD is unrelated
to the loss of spine IP3-mediated Ca21 signaling. To esses are largely normal, there are substantial defects
in the ability of IP3 to elevate Ca21 concentration inprove that the defect in Ca21 signaling is the cause of
the lesion in LTD, we asked whether directly elevating the spines of PF synapses. Although stimulating CFs
caused normal rises in Ca21 concentration, stimulatingCa21 concentration within the spines could rescue LTD.
For this purpose, we repetitively uncaged Ca21 in small PFs caused smaller IP3-mediated postsynaptic Ca21
signals. Uncaging IP3 in spiny dendrites caused Ca21postsynaptic dendritic regions (100 pulses, 1 Hz). In
control mice (Figure 9A), a photolysis-induced rise in release in dendritic shafts and the subsequent diffusion
of Ca21 into the spines, yielding slower Ca21 rises inCa21 concentration induced LTD without CF or PF activ-
ity (Khiroug et al., 1999). LTD induction was prevented the spines. Moreover, elevating postsynaptic calcium
concentration in the mutant Purkinje cells rescued theby including the Ca21 chelator BAPTA in the pipette
(Figure 9A), indicating that the depression of PF synaptic defect in LTD, demonstrating that the loss of LTD is
due to the changes in postsynaptic IP3-induced Ca21transmission was due to the photoreleased Ca21 rather
than the light irradiation or products of the photolysis signaling rather than any other possible consequence
of the loss of myosin-Va. Taken together, these resultsreaction. Photolysis-mediated increases of postsynap-
tic Ca21 concentration in mutant mice also produced a indicate that IP3-mediated Ca21 release in dendritic
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prevents LTD (Khodakhah and Armstrong, 1997; Inoue
et al., 1998). Further, IP3 is sufficient to induce LTD
because uncaging IP3 can produce LTD (Kasono and
Hirano, 1995; Khodakhah and Armstrong, 1997; Finch
and Augustine, 1998) and can rescue LTD in mice defi-
cient in mGluR1 (Daniel et al., 1999). Our results add to
this accumulated evidence and contribute significant
new information by defining the spatial dimensions over
which IP3 signaling acts. Specifically, our results show
that IP3 must activate Ca21 release from receptors lo-
cally within the spines of the PF synapses to induce
LTD. This conclusion is consistent with the idea that
IP3 receptors within the Purkinje cell spines serve as
coincidence detectors for LTD by responding to IP3
produced by PF activity and Ca21 entering during CF
activity (Berridge, 1993).
Previous work has demonstrated that the spatial
range of action of IP3 in Purkinje cells can vary greatly.
Single episodes of PF activity do not produce detectable
IP3-mediated Ca21 release (Eilers et al., 1995). Under
other conditions, the action of IP3 can be restricted to
single spines; a low level of PF activity has been reported
to cause Ca21 release in individual spines (Finch and
Augustine, 1998; Takechi et al., 1998). However, IP3
receptors are present throughout the Purkinje cell, and
higher levels of PF activity can cause Ca21 release that
extends to dendritic shafts (Finch and Augustine, 1998;
Takechi et al., 1998). Measurement of the spread of IP3
action, by locally uncaging IP3 in dendrites, indicates
that the effective length constant for IP3 is on the order
of 10 mm in resting Purkinje cells (Finch and Augustine,
1998). Here, we also found that localized uncaging of IP3
caused release of Ca21 beyond the site of IP3 generation
(Figure 8), confirming this result. Further, we have found
that high-frequency activation of PFs in the mutants
caused IP3-mediated Ca21 release in the dendritic
Figure 9. Rescue of LTD by Photorelease of Ca21 in Mutant Mice
shafts. Because the mutant Purkinje cells have no IP3
(A) In Purkinje cells from control rats, repetitive photolysis of caged receptors in their PF synaptic spines, this proves thatCa21 (1 Hz for 60–90 s, horizontal bar) resulted in LTD of the PF-
it is IP3 rather than the released Ca21 that is spreadingEPSCs (closed circles). Including BAPTA (open circles, 10 mM) in
from the spine into the shaft. This is the first directthe internal solution prevented LTD induction. Data are normalized
demonstration that IP3 produced in the spines during PFto the mean EPSC amplitude for the 20 min prior to uncaging. PFs
were not stimulated during the uncaging train. synaptic activity can spread beyond the spines (dashed
(B) Repetitive photolysis of caged Ca21 as in (A) also produced LTD lines in Figure 9C). This conclusion is consistent with
in mutant mice. work in nonneuronal cells, suggesting that IP3 is a diffus-
(C) A model for IP3 signaling at PF synapses. In normal animals
ible intracellular signal (Allbritton et al., 1992; Kasai and(left), IP3 produced in spines, by the action of mGluR, evokes Ca21
Petersen, 1994).release via IP3 receptors located in these spines (solid arrows). This
Although it is clear that IP3 can spread beyond individ-signaling pathway is necessary for inducing LTD and acts by altering
ual spines, this information does not define where IP3postsynaptic AMPA receptors. In addition, some IP3 diffuses out of
the spine to activate Ca21 release in nearby dendritic shafts (dashed acts during LTD induction. Our results indicate that the
arrows). In myosin-Va mutants (right), IP3 produced in the spines IP3 receptors within PF synaptic spines are critical for
is unable to cause Ca21 release locally within the spines but can LTD (Figure 9C, left). Even though IP3 receptors in the
still diffuse to the shafts and release some Ca21. However, Ca21
dendritic shafts of mutant Purkinje cells are less than 1released in the shafts is insufficient to induce LTD at the PF synapse.
mm away from the PF synapse (Figure 1) and can pro-
duce Ca21 release (Figures 7 and 8), these receptors are
spines does not significantly contribute to basal synap- unable to produce sufficient Ca21 in the spine to activate
tic transmission in Purkinje cells but is essential for in- the molecular processes that induce LTD (Figure 9C,
duction of LTD. right). This presumably occurs because IP3 produced
Several previous lines of evidence point toward a sig- in spines is diluted by diffusion before it evokes Ca21
nificant role for IP3 in the signal transduction pathway release in the dendritic shaft, which may explain the
that leads to LTD. PF activity is known to generate IP3 decreased amplitude and slower rise of Ca21 signals in
(Blackstone et al., 1989) and evoke Ca21 release (Finch the dendritic shafts of the mutants. Further, any Ca21
and Augustine, 1998; Takechi et al., 1998). In addition, released within the shaft is similarly diluted before it
Ca21 signaling by IP3 is necessary for LTD because reaches the spines (dashed lines in Figure 9C). Thus,
even though IP3 produced by PF activity can spreadgenetic or pharmacological impairment of IP3 receptors
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far, it must act locally, on the IP3 receptors in spines, receptors (Tu et al., 1999), whose properties change to
to release Ca21 and induce LTD. Such an arrangement yield LTD (Ito, 1989; Linden and Connor, 1995; Wang et
may be lost in cultured Purkinje cells (Narasimhan and al., 2000) .
Linden, 1996), where IP3-mediated Ca21 release is atten- While spines are often considered to function as com-
uated (Womack et al., 2000) and is not involved in LTD partments that restrict the diffusion of small chemical
(Narasimhan et al., 1998). signals (Harris and Kater, 1994; Yuste et al., 2000), it
In our experiments, LTD was induced under condi- is clear that many such molecules can readily move
tions that were different from those used to visualize between spines and shafts (Svoboda et al., 1996; Finch
PF-induced Ca21 signals. Specifically, LTD was induced and Augustine, 1998). For example, our measurements
by low-frequency pairing of CF and PF activity, while PF- in mutant animals show that IP3 can diffuse from spines
mediated Ca21 signals were measured following high- into shafts (Figure 7) and that Ca21 can diffuse from
frequency PF activity. While the measurements were dendritic shafts into spines (Figures 7 and 8). We there-
performed under conditions that are optimal for eliciting fore propose that a more general purpose for spines
LTD or PF-induced Ca21 signals, it is important to ask may be the selective accumulation of macromolecules
whether the two measurements can be directly com- and organelles essential for effective spatial coupling
pared to each other. LTD can be induced by high-fre- of postsynaptic signal transduction pathways. Many in-
quency stimulation of PFs, either paired with CF activity tracellular proteins are selectively targeted to the post-
(Hartell, 1994; Karachot et al., 1994; Shibuki et al., 1996), synaptic density within spines (Kennedy, 1998; Sheng
paired with depolarization of Purkinje cells (Aiba et al., and Pak, 1999), and it is likely that these proteins, as
1994), or even by strong activation of PFs alone (Hartell, well as organelles such as the SER, contribute to local
1996; Eilers et al., 1997). These protocols induce LTD chemical computation in postsynaptic cells. Thus, den-
that requires mGluR1 (Aiba et al., 1994; Hartell, 1994). dritic spines may function as a destination for signal
Further, there is ample evidence that IP3 is involved in transduction components rather than simply as a com-
LTD induced by low-frequency PF stimulation (Khodak- partment for restricting diffusion of chemical mes-
hah and Armstrong, 1997; Inoue et al., 1998; Daniel et sengers.
al., 1999). Thus, LTD induced by low-frequency pairing
of PF and CF activity and LTD induced by high-fre- Experimental Procedures
quency activation of PFs involve the same mGluR1-
Anatomical Methodsmediated Ca21 signals, though it is simpler and clearer
For electron microscopy, P21 rats and mice were perfused throughto measure these following high-frequency activation of
the heart with 2% paraformaldehyde and 2.5% glutaraldehyde inPFs.
0.1 M phosphate buffer. The cerebellum was then removed and
The requirement for IP3 receptors within the spines processed using standard procedures. To quantify the density of
of PF synapses indicates a remarkable compartmental- PF synapses, a series of micrographs was taken through the entire
ization of IP3-based Ca21 signaling in postsynaptic ele- depth of the molecular layer. The number of synapses formed be-
tween Purkinje cell spines and PF terminals was counted on thements. Because Ca21 released from dendritic shafts dur-
micrographs (final magnification of 13,000), and the mean number ofing pairing of PF and CF activity cannot support LTD,
synapses was calculated per 100 mm2. For immunohistochemistry,we conclude that LTD is based on local domains of high
animals were perfused with a fixative containing 4% paraformalde-Ca21 concentration within postsynaptic spines. A similar
hyde in 0.1 M phosphate-buffered saline. Frozen sections (1 mm
spatial arrangement is involved in Ca21 signaling in pre- thickness) were double immunolabeled for IP3R (rat host, a gift from
synaptic terminals, where local influx of Ca21 through Dr. K. Mikoshiba, Tokyo) and calbindin (rabbit host, a gift from Dr.
voltage-gated channels is necessary for triggering of R. Semba, Mie). Cryostat sections (16 mm thickness) were immuno-
labeled for mGluR1 (rabbit host, a gift from Dr. R. Shigemoto, Oka-neurotransmitter release (Llinas et al., 1995; Schweizer
zaki) or PKCg (rabbit host, GIBCO-BRL). The secondary antibodieset al., 1995; Stanley, 1997). While it has been proposed
were conjugated to either FITC or Texas red. Immunolabeled sec-that local Ca21 signals within spines are responsible for
tions were examined with a Zeiss LSM 510 confocal laser scanninga variety of postsynaptic phenomena (Yuste et al., 2000),
microscope. For mGluR1 immunoelectron microscopy, the animals
to date, the myosin-Va mutant animals provide the only were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde in
direct means to test this idea. A local Ca21 signaling 0.1 M phosphate buffer. The cryostat sections were labeled with
arrangement within spines can explain why the ryanod- anti-mGluR1 antibody then treated with HRP-conjugated secondary
antibody. After visualization with DAB, they were processed forine receptor, another type of Ca21 release channel that
electron microscopy. Ultrathin sections were examined using ais excluded from Purkinje cell dendritic spines (Walton
JEOL 1210 electron microscope.et al., 1991; Martone et al., 1993), does not appear to
play a primary role in induction of LTD (but see Kohda
Electrophysiological Recordinget al., 1995).
Sagittal or parasagittal cerebellar slices (200–250 mm thickness)
The requirement for local release of Ca21 within the from mutant animals and their control littermates were perfused
PF synaptic spines also implies that the postsynaptic with oxygenated saline at room temperature (when measuring Ca21
sources of Ca21, IP3 receptors, are in close spatial prox- currents, imaging Ca21, or uncaging Ca21) or at 328C (when measur-
imity to the molecular components that produce LTD. ing CF- and PF-EPSCs or monitoring LTD). Saline contained (in mM)
125 NaCl, 2.5 KCl, 2–2.5 CaCl2, 1–1.3 MgSO4, 1.25 NaH2PO4, 26Thus, it appears that one function of PF spines on Pur-
NaHCO3, 20 glucose, and 0.01 bicuculline methochloride. AP5 (100kinje cells is to compartmentalize IP3-sensitive Ca21 re-
mM), CNQX (10 mM), and 4-CPG (500 mM) were added as indicated.lease in a way that ensures effective coupling to the
In some imaging experiments, Trolox (0.05–0.1 mM) was added to
LTD expression cascade. A possible mediator of this reduce phototoxicity (Finch and Augustine, 1998).
spatial coupling is Homer, a postsynaptic protein that Whole-cell patch-clamp recordings (Edwards et al., 1989) were
apparently links IP3 receptors both to the mGluR1 that made from the soma of identified Purkinje cells using pipettes (1.5–6
MV) filled with internal solution containing (in mM) either 60 CsCl,produce IP3 (Tu et al., 1998) and, indirectly, to the AMPA
Neuron
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HEPES (pH 7.3, adjusted with CsOH) or 130 potassium gluconate, manuscript. This work was supported by grants from the Japanese
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